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Trophoblast stem cell (TS cell) lines have the ability to differentiate into trophoblast subtypes in vitro and contribute to the
formation of placenta in chimeras. In order to investigate the possible role of retinoic acid (RA) in placentation, we analyzed
the effects of exogenous RA on TS cells in vitro and the developing ectoplacental cone in vivo. TS cells expressed all
subtypes of the retinoid receptor family, with the exception of RARb, whose expression was stimulated in response to RA.
S cells treated with RA were compromised in their ability to proliferate and exhibited properties of differentiation into
rophoblast giant cells. During TS cell differentiation into trophoblast subtypes induced by withdrawal of FGF4, RA
reatment further illustrated its role in the specification of cell fate by the promotion of differentiation into giant cells and
he suppression of spongiotrophoblast formation. Moreover, administration of RA during pregnancy resulted in the
verabundance of giant cells at the expense of spongiotrophoblast cells. RA hereby acts as an extracellular signal whose
otential function can be linked to specification events mediating trophoblast cell fate. Taken together with the spatial
atterns of giant-cell formation and RA synthesis in vivo, these findings implicate a function for RA in giant-cell formation
uring placentation. © 2001 Academic Press
Key Words: trophoblast stem cell (TS cell); retinoic acid; ectoplacental cone; trophoblast giant cell; spongiotrophoblast
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Trophoblast cells are the first lineage to form in the
mammalian conceptus and contribute exclusively to the
extraembryonic structures that form the placenta (Cross et
l., 1994), which is critical for the survival of mammalian
mbryos. This lineage arises at the blastocyst stage as the
rophectoderm, a sphere of epithelial cells surrounding the
nner cell mass (ICM) and the blastocoel. After implanta-
ion, the mural trophectoderm differentiates into the pri-
ary trophoblast giant cells. These cells invade the uterine
pithelium and penetrate the stroma. The polar trophecto-
erm, which is in direct contact with the ICM, maintains a
igh proliferative capacity and give rises to the extraembry-
nic ectoderm (ExE), and then grows outward to form the
1 To whom correspondence should be addressed. Fax: 181-3-
m841-8189. E-mail: ashiota@mail.ecc.u-tokyo.ac.jp.
422ctoplacental cone (EPC). EPC is a structure including
rogenitors that are committed to both secondary giant
ells and spongiotrophoblast (Carney et al., 1993). The
outermost cells of the EPC differentiate into giant cells,
which lie at the periphery of the placenta, forming an
interface with maternal decidual cells. Giant cells are
polyploid cells that form as a result of endoreduplication, a
process of repeated rounds of DNA synthesis without cell
division (MacAuley et al., 1998; Ohgane et al., 1998). The
evelopment of trophoblast giant cells is essential to em-
ryo implantation and to the maintenance of pregnancy.
A few transcription factors have been suggested to regu-
ate giant-cell formation, such as two members of the basic
elix–loop–helix (bHLH) family, Mash2 and Hand1. They
re both essential regulators of trophoblast development,
ut with antagonistic actions in determining trophoblast
ell fate (Scott et al., 2000). Mash2 expression diminishes as
ouse trophoblast cells differentiate into giant cells. The
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423Retinoic Acid on Trophoblast Cell Fate Decisiontargeted deletion of this gene results in an increase in the
number of giant cells at the expense of the spongiotropho-
blast (Guillemot et al., 1994; Tanaka et al., 1997). Mutation
of Hand1, normally expressed in the EPC region and in
terminal differentiated trophoblast cells, exhibits placental
defects that included a block in giant-cell differentiation
(Cross et al., 1995; Riley et al., 1998). However, extracellu-
lar signals involved in the development into giant cells have
not been described.
Retinoic acid (RA), the active derivative of vitamin A
(retinol), exerts its effects through two families of receptors,
retinoid acid receptors (RARs) and retinoid X receptors
(RXRs), which act as ligand-inducible transcription factors
(Mangelsdorf et al., 1990). Circumstantial evidence indi-
cates that RA functions as an important regulatory signal-
ing molecule during mammalian embryogenesis (Kastner et
al., 1997; Niederreither et al., 1999, 2000; Wendling et al.,
2000). Some observations suggest that RA might also be
involved in placental development. For example, RARs and
RXRs show localized expression in the placenta (Sapin et
al., 1997), and a number of RA-inducible genes are differen-
tially expressed in the trophoblast lineage (Sapin et al.,
1997, 2000).
No placental phenotype has so far been reported for RAR
knockouts, yet the possibility remains that it is the conse-
quence of functional redundancy among the RARs (Kastner
et al., 1995). Recently, studies of RXRa knockout and
RXRa/RXRb double knockouts established an essential
role of RXRs in the formation of the chorioallantoic pla-
centa (Sapin et al., 1997; Wendling et al., 1999). However,
the involvement of RA signaling during trophoblast devel-
opment still remains enigmatic, since those knockout mu-
tants exhibited placental defects intrinsic to labyrinthine
development, during which RXRs appear to function
ligand-independently through heterodimerization with
PPARg, which has also been reported to be essential for
abyrinth formation (Wendling et al., 1999; Barak et al.,
999; Kubota et al., 1999). In addition, Lu et al. (1994) have
addressed the question about the possible role of RA in
trophoblast cell-fate decision. Their study, however, was
limited to a part of progression along differentiation, as the
experiment system was based on a primary culture of
trophoblast cells that represent already determined and
differentiated cells.
Trophoblast stem cell (TS cell) lines, established recently
from trophectoderm of the 3.5-dpc blastocyst or the ExE of
6.5-dpc embryos, have the ability to differentiate into
trophoblast subtypes in vitro and contribute to the forma-
tion of the placenta in chimeras (Tanaka et al., 1998). The
availability of TS cell lines opens new possibilities for
dissecting the potential function of RA signaling in tropho-
blast development. We have exploited the TS cell culture
system that permitted us to monitor expression of a variety
of trophoblast subtype markers when exposed to exogenous
RA. In this report, we describe results that strongly indicate i
Copyright © 2001 by Academic Press. All righta role for RA in the promotion of trophoblast cell differen-
tiation toward a giant-cell fate.
MATERIALS AND METHODS
Culture of TS Cells and RA Treatment
A medium for TS cell culture (TS cell medium) and an EMFI-
conditioned medium (EMFI-CM) were prepared as previously de-
scribed (Tanaka et al., 1998). A TS cell line derived from 3.5-days
ostcoitum (dpc) blastocyst (TS3.5) was maintained in a proliferative
tate in a medium consisting of 70% EMFI-CM, 30% TS cell
edium, FGF4 (25 ng/ml) (Sigma), and heparin (1 mg/ml) (Sigma) on
gelatinized dishes as previously described (stem-cell condition)
(Tanaka et al., 1998). To induce differentiation of TS cells, FGF4,
heparin, and EMFI-CM were removed from the medium (differen-
tiation condition). All-trans-RA (Sigma) was dissolved in 100%
ethanol and added to a final concentration of 5 mM, except where
otherwise noted, 1 mM. An equivalent volume of ethanol was added
to the medium in control samples.
RNA Isolation and RT-PCR Analysis
Total RNA was prepared from TS cells and 9.5-dpc embryos with
TRIzol (Gibco BRL). First-strand cDNA synthesis was performed by
using random hexamers and SuperScript reverse transcriptase
(Gibco BRL) according to the manufacturer’s instructions. For
RARa , RARb , RXRa, and RXRb, PCR amplifications (35 cycles)
ere performed with the same conditions as previously described
Ulven et al., 1998, 2000). For RARg and RXRg, the following
primers were used for amplification: RARg sense, 59-GGCCT-
GGGCCAGCCTGACCTC-39; RARg antisense, 59-CAGCCCCA-
GTCCAGCTGCACC-39. RXRg sense, 59-CTCAGGAAAGCAC-
ACGGGG-39; RXR antisense, 59-CAGGGTCATTTGTTGAG-
TC-39. The samples were subjected to 35 cycles of PCR (95°C, 54°C,
2°C; 1 min each). Each RT-PCR analysis was carried out by using a
egative control without reverse transcriptase. b-Actin was used in all
experiments as a positive control to ensure the quality and quantity of
mRNA. PCR products were assessed by agarose gel electrophoresis.
Northern Blot Analysis
Northern blotting was performed by a standard protocol. Antisense
RNA probes for Id-2 (Cross et al., 1995), Mash2 (Guillemot et al.,
1994), Tpbp (former 4311; Lescisin et al., 1988), Cea4 (Kromer et al.,
1996), and Pl-1 (Colosi et al., 1987) were labeled with DIG-11-UTP
(Boehringer Mannheim) by using the Strip-EZ RNA kit (Ambion).
Blots were hybridized overnight at 65°C in NorthernMax pre-
hybridization/hybridization buffer (Ambion) and were finally washed
in 0.13 SSC/0.1% SDS at 65°C. Detection was performed with a DIG
Luminescent Detection Kit (Boehringer Mannheim). Removal of
hybridized RNA probes was performed with the Strip-EZ RNA kit
(Ambion) according to manufacturer’s instructions.
Analysis of DNA Content
Cells were fixed in cold 70% ethanol, pelleted, washed once in
PBS, and resuspended in PBS containing 20 mg/ml of propidium
odide (PI; Sigma) and 1 mg/ml of ribonuclease A (Sigma). The DNA
s of reproduction in any form reserved.
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424 Yan et al.content, as measured by the incorporation of PI, was evaluated
with FACSort (Becton Dickinson, Mountain View, CA) by using
Cell Quest software to determine fluorescence intensity. Each
sample was tested in triplicate, and the entire experiment was
repeated three times.
Administration of Exogenous RA to Pregnant Mice
ICR mice (Charles River, Japan) were mated overnight, and
females were examined the following morning for the presence of
a vaginal plug; noon on the day of plug was considered as 0.5 days
postcoitum (dpc). Pregnant females were administered exogenous
RA by intraperitoneal injection with sesame oil as a vehicle. RA,
prepared just prior to dosing, was initially dissolved in absolute
ethanol alkalinized with 2 N NaOH and brought to the appropriate
volume with sesame oil as previously described (Satre et al., 1989).
RA was administrated twice, at 6.5 dpc and 7.5 dpc (25 mg/kg body
weight), whereas control mice received injections of vehicle only.
Conceptuses were collected at 8.5 dpc for histological examination.
Histology and in Situ Hybridization
An entire conceptus was embedded in OCT compound (Tissue-
Tek, Sakura Finetechnich, Tokyo) and frozen rapidly on dry ice.
Sections (8-mm-thick) were mounted on APS-coated slides (Matsu-
ami Glass). For histological analysis, sections of conceptuses were
tained with hematoxylin after fixation in 4% paraformaldehyde
PFA). For in situ hybridization, sections were fixed in 4% PFA for
15 min at room temperature. Prehybridization was performed by
incubating sections in 50% formamide (deionized)/23 SSC. Hy-
bridization was carried out overnight at 55°C in a sealed humid
box. The hybridization solution contained 50% formamide (deion-
ized), 53 SSC, 0.25% SDS, 13 Denhardt’s solution, 5 mM EDTA
(pH 8.0), 200 mg/ml yeast tRNA, and 500 ng/ml DIG-labeled probes.
After hybridization, sections were treated with RNase A (20 mg/ml)
to remove free probes followed by twice washing in 0.23 SSC and
0.13 SSC for 15 min each at 55°C. The hybridized probes were
detected by using an alkaline phosphatase-conjugated anti-DIG Fab
fragment (Boehringer Mannheim). The color reaction was devel-
oped by incubation with NBT/BCIP (Boehringer Mannheim) in
color-development buffer. Sense DIG-labeled cRNA probes were
used as negtive controls.
To detect Tpbp mRNA in cultured TS cells, cells were grown on
gelatin-coated coverslips. Procedures for in situ hybridization were
carried out as described above.
RESULTS
Expression of RARs and RXRs in TS Cells
The TS cell line was used as an in vitro model for study
f effects of RA on trophoblast cells. To assess the respon-
iveness to RA, we examined the expression of RARs and
XRs in TS cells by RT-PCR. Stem cells expressed all the
ubtypes of retinoid receptors, with the exception of RARb
(Fig. 1A). TS cells allowed to differentiate for 24 h in the
presence of RA expressed RARa and all of the RXRs as in
the case without RA (Fig. 1B). RARb mRNA was only
resent in TS cells exposed to RA, and a slight increase in
Copyright © 2001 by Academic Press. All rightARg expression upon RA treatment was observed (Fig.
1B). The induction of RARb expression is consistent with
he fact that RARb contain RAREs in its promoters and can
be transcriptionally activated by RA (De The et al., 1990;
Sucov et al., 1990).
RA Induces Restricted Differentiation of TS Cells
A growing population of TS cells can be maintained in an
undifferentiated state in the presence of FGF4 and EMFI-
CM, which contains unidentified factor. When RA was
added in the stem-cell condition, however, TS cells exhib-
ited an attenuated growth property and displayed a drastic
morphological change within 48 h (Fig. 2B). Cells exposed
to RA for 6 days closely resembled those in a differentiated
state with a high percentage of giant cell-like cells and no
formation of stem-cell colonies (Fig. 2D). This indicated
that RA is capable of overriding the effects of FGF4 and
EMFI-CM on the maintenance of stem cells.
Id2 is a negative regulator of bHLH transcription factors
that is highly expressed in progenitor populations and
down-regulated when differentiation was induced in many
developmental processes (Norton et al., 1998), including
rophoblast development (Cross et al., 1995). It was noticed
hat the level of Id-2 mRNA fell substantially at day 4 (d4)
in RA-treated TS cells (Fig. 3A), suggestive of TS cell
differentiation. TS cells are known to have the capacity to
differentiate towards both giant cells and spongiotropho-
blast in vitro (Tanaka et al., 1998). To further elucidate the
nature of RA-induced differentiation, we examined marker
genes of the two distinct trophoblast subtypes. Expression
of Pl-1, a marker gene of giant cells, was considerably high
in TS cells at d6 after RA treatment, while untreated cells
expressed a low level of Pl-1 due to spontaneous differen-
iation (Fig. 3B). Interestingly, expression of Tpbp, a marker
or spongiotrophoblast, inducible in TS cells undergoing
nperturbed differentiation, was undetectable in RA-
nduced differentiation (Fig. 3B). It is also noteworthy that
xpression of Mash2, which diminishes as trophoblast cells
ifferentiate into giant cells in vivo, was at a lower level than
n controls upon RA treatment (Fig. 3B). Thus, TS cells treated
y RA were compromised in their ability to proliferate and
xhibited properties of differentiation into giant cells.
RA Exerts an Influence on the Commitment
of TS Cells
While considering the potential of TS cells to differenti-
ate toward both giant cells and spongiotrophoblast in cul-
ture (Tanaka et al., 1998), the restricted differentiation of
TS cells induced by RA led us to speculate that RA also
plays a role in the restriction of cell-fate biasing TS cells to
choose the giant-cell fate. In an attempt to determine this,
we then investigated RA effects on TS cells in differentia-
tion system. Upon removal of FGF4 and EMFI-CM, TS cells
autonomously differentiate into spongiotrophoblast cells
s of reproduction in any form reserved.
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425Retinoic Acid on Trophoblast Cell Fate Decisionand giant cells (Tanaka et al., 1998). Expression of Tpbp
RNA in cells reached a considerable level at d4 of differ-
ntiation and became even higher at d6. However, we
bserved that Tpbp mRNA in differentiating cells treated
ith RA was undetectable at all time points examined (Fig.
A). In contrast, expression of Pl-1 mRNA was slightly
levated compared with the control (Fig. 4A). Transcripts of
ash2, abundant in spongiotrophoblast at early placenta-
ion but absent in giant cells in vivo, was already undetect-
ble at d4 in RA-treated cells in contrast to weak expression
n control. These expression profiles suggest that RA inhib-
ts differentiation of TS cells into spongiotrophoblast but
romotes differentiation into giant cells.
To further delineate the effects of RA in terms of the
ecrease in Tpbp expression, we incubated TS cells with RA
or different periods of time during differentiation (Fig. 4B).
hen RA was added to TS cells after 48 h of differentiation,
his treatment did not affect the level of Tpbp (data not
hown). We next cultured TS cells in the presence of RA for
he first 16, 32, and 48 h and then further cultured without
A until day 6, in addition to an untreated control and a
reatment with RA throughout the duration of the experi-
FIG. 1. Expression profile of retinoid receptors in TS cells. Express
aterials and Methods) without RA(A), and in TS cells allowed to
4 h (B). Embryo (emb) mRNA at 9.5 dpc was used as positive con
68 bp, 156 bp, 536 bp, 165 bp, 175 bp, and 460 bp for RARa, RARb
arker was used to show the sizes of PCR products. The arrowheent. As shown in Fig. 4B, it was observed that RA was 0
Copyright © 2001 by Academic Press. All rightlmost as equally effective as 6 days treatment at attenuat-
ng the expression of Tpbp when present for the first 48 h of
ifferentiation. It is important to note that Tpbp expression
emained appreciably unaffected in the presence of RA for
2 h of differentiation or shorter.
In order to ascertain the inhibitory effect of RA on
pongiotrophoblast formation, we performed the following
xperiments. First, we analyzed the effects of RA on expres-
ion of Cea4, a gene also specifically expressed by spongio-
rophoblast (Kromer et al., 1996). In preliminary experi-
ents, it was observed that RA caused a concentration-
ependent decrease in Tpbp expression in TS cells (data not
hown). Treatment of TS cells with RA at a concentration
f 1 mM partially decreased the level of Tpbp mRNA in
ells, and displayed a similar effect on Cea4 levels on both
ay 4 and day 6 (Fig. 5A). The similar decrease in the
xpression of two different markers of spongiotrophoblast
eflects a repression of differentiation into this trophoblast
ubtype by RA. Second, we carried out in situ hybridization
nalysis for Tpbp expression to estimate the alteration in
roportion of Tpbp-positive cells in differentiated cells. The
umber of Tpbp-positive cells was approximately 5.2 6
f RARs and RXRs in TS cells cultured in stem-cell conditions (see
rentiate by removing FGF4 and EMFI-CM with or without RA for
for all retinoid receptors. The predicted sizes of PCR products are
Rg, RXRa, RXRb, and RXR, respectively. The DNA ladder 100-bp
how the 300-bp bands of markers. RT, reverse transcriptase.ion o
diffe
trols.3% of the total cells in control culture, while only
s of reproduction in any form reserved.
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426 Yan et al.approximately 0.6% in culture treated with RA, indicating
the percentage of cells expressing Tpbp was decreased. On
he other hand, the level of Tpbp mRNA in individual cells
id not appear to be affected (Fig. 5B). These observations
ndicate that RA repressed spongiotrophoblast formation
ut not transcription of the Tpbp gene. Third, given that
pongiotrophoblast cells are diploid, while giant cells are
olyploid, the percentage of diploid cells would be expected
o decrease with RA treatment. We thus examined the
ffects of RA at a concentration of 1 mM by comparing TS
cell distribution with regard to DNA content between
treated and control culture using flow cytometry. Cells at
d6 were analyzed and, indeed, RA-treated cells demon-
strated a reduction in the 2N and 4N peaks, which include
spongiotrophoblast cells (Fig. 5C). In contrast, cells at 8N,
16N, and 32N, all of which should be giant cells, were
increased when grown with RA (Fig. 5C), which agreed with
the results of Northern blot analysis described above.
Taken together, these observations showed that RA sup-
pressed the differentiation of TS cells into spongiotropho-
blast, while it promoted the differentiation into giant cells.
Administration of RA Leads to Excess Giant Cells
in Vivo
Finally, we investigated the effects of exogenous RA on
FIG. 2. Morphological change of TS cells induced by RA in stem
without RA for indicated days. The cells were photographed und
epithelial cell-like colonies with distinctly defined borders (A, C). M
(D). Arrows indicate a few spontaneously differentiated giant cellsthe developing EPC by maternal administration. Around
Copyright © 2001 by Academic Press. All right.5 dpc, cells in the growing EPC undergo final cell-fate
ecision. We therefore injected RA twice at 6.5 and 7.5 dpc
nd collected the conceptuses at 8.5 dpc to observe effects
n placentation. The growth of embryos exposed to excess
A was retarded. Histological examination revealed that, at
he periphery of EPC, the giant cell layer was profoundly
hickened (Figs. 6A and 6B), suggesting that EPC cell
opulation was one of the targets of RA action. In situ
ybridization analysis showed that the number of giant
ells, positive for Pl-1, was increased nearly 2.5-fold upon
A treatment (control, 114 6 8 per section; RA, 260 6 10
er section) (Figs. 6C and 6D). In contrast, the number of
pongiotrophoblast cells expressing Tpbp was reduced (Figs.
E and 6F). This complementary pattern suggests that some
ncommitted cells in the EPC region that would have
ifferentiated into spongiotrophoblast were influenced by
A to change their fate and differentiate into giant cells.
DISCUSSION
We have demonstrated that exogenous RA acts on tro-
phoblast stem cells, resulting in their differentiation, and
further affects their differentiation direction. In early pla-
cental development, trophoblast stem cells undergo self-
renewal and differentiation into giant cells and spongiotro-
conditions. TS cells were cultured in stem-cell condition with or
phase-contrast microscope. Control TS cells grew to form tight
ells exposed to RA for 6 days exhibited a giant cell-like morphology
e stem cell conditions (C). Scale bars represent 100 mm.-cellphoblast. Recent studies have found that maintenance of
s of reproduction in any form reserved.
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427Retinoic Acid on Trophoblast Cell Fate Decisionthe proliferative state of trophoblast cells requires embry-
onic FGF4 (Tanaka et al., 1998, Nichols et al., 1998). The
guidance of multipotent trophoblast cells along a particular
differentiation pathway would also be influenced by extra-
cellular signals from both maternal and fetal environments.
RA represents an example of an extracellular signal that
promotes differentiation of trophoblast cells into giant cells
as opposed to spongiotrophoblast cells.
When RA was added in stem-cell conditions, which
normally allows TS cells to form tight epithelial cell-like
colonies with distinct borders, drastic morphological
changes in TS cells were noticed within 48 h and the
formation of the epithelial cell-like colonies of the stem
cells was never observed by d6 of culture. Furthermore, TS
cells exposed to RA for 6 days contained many large-spread
cells with giant cell-like morphology. These results dem-
onstrate a negative effect of RA on the maintenance of the
stem cells in vitro, in agreement with some reports about
antiproliferative and differentiative actions of RA. Interest-
ingly, an RA-degrading enzyme, CYP26, is expressed in ExE,
FIG. 3. Northern blot analysis of the RA-induced differentiation
properties of TS cells. TS cells were grown in stem-cell condition
for indicated time periods in the absence or presence of RA before
harvesting. Total RNA (5 mg) was loaded in each lane. The
ybridizations for Mash2 and Tpbp were performed simulta-
neously. GAPDH was used as the control for loading.a pool of trophoblast stem cells in postimplantation em- p
Copyright © 2001 by Academic Press. All rightbryos, but undetectable in EPC (Fujii et al., 1997). Recent
studies indicate a role for CYP26 in clearing RA from
specific embryonic areas to protect them against inappro-
priate RA signaling (Abu-Abed et al., 2001; Sakai et al.,
2001). Combined with the observation about the effect of
RA on TS cells in stem-cell conditions, we assume that the
function of CYP26 in ExE is to keep this specific area in an
RA-depleted state, to protect trophoblast stem cells against
the deleterious effect of RA signaling.
Promotion of trophoblast to differentiate into giant cells
as opposed to spongiotrophoblast cells can be the conse-
quence of either (1) actions of RA on bipotent precursors to
influence terminal cell fate decision, or (2) accelerated
differentiation of spongiotrophoblast cells into giant cells in
the presence of RA. The latter seems to be unlikely, given
that (1) Tpbp expression was not detectable even at d1 of
culture in the presence of 5 mM RA (data not shown), and (2)
ith 1 mM RA treatment, which partially inhibited expres-
sion of both Tpbp and Cea4, expression of these genes was
FIG. 4. Northern blot analysis of RA effects on TS cells grown in
differentiation conditions. (A) Time course of expression of Tpbp,
Pl-1, and Mash2 in differentiating TS cells with and without RA.
TS cells were harvested at indicated time points after differentia-
tion was induced by removal of FGF4 and EMFI-CM. (B) The effect
of RA on the expression of Tpbp was dependent on the time of
application. TS cells were harvested at day 6. (0–16), (0–32), and
(0–48) indicate TS cells cultured in the presence of RA for the first
16, 32, and 48 h, respectively, followed by culture without RA until
day 6. The left-most lane indicates untreated control, and the
rightmost represents cells continuously treated for 6 days. Each
lane contains 5 mg of total RNA separated and hybridized to the
robes indicated.
s of reproduction in any form reserved.
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428 Yan et al.detectable at d4, and was increased at d6 as was the case
without RA (Fig. 5A). It is important to note that TS cells
pass through a precursor stage before acquisition of termi-
FIG. 5. Repression of spongiotrophoblast differentiation by RA
omparison of Cea4 and Tpbp expression in TS cells at day 4 (d4)
erformed with 5 mg each of total RNAs. (B) In situ hybridization fo
treatment. TS cells at d6 of culture were hybridized with cRNA pr
TS cell population regarding DNA content. TS cells were subjected
A. DNA content was estimated by intensity of PI staining. Mouse
not shown).nal phenotypes suggested by Mash2 expression pattern. m
Copyright © 2001 by Academic Press. All rightash2 expression is up-regulated by d2 in TS cells upon
emoval of FGF4, then gradually down-regulated with their
urther differentiation. The effects of RA on TS cell com-
vitro. TS cells were cultured in differentiation condition. (A)
day 6 (d6) without or with 1 mM RA. Northern blot analysis was
ngiotrophoblast cells in differentiated TS cells without or with RA
or Tpbp followed by counterstaining with PI. (C) FACS analysis of
ACS analysis after 6 days of differentiation with or without 1 mM
yonic fibroblast cells were used as control for diploid DNA contentin
and
r spo
obe f
to Fitment defined by the decrease in Tpbp expression was
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48 h after withdrawal of FGF4, while RA treatment for the
first 32 h did not display noticeable effects. We assume that
FIG. 6. In vivo effects of exogenous RA on early placentation. Seri
ith RA (A, C, E) or vehicle only (B, D, F), were subjected to histol
the layers of giant cells, ectoplacental cone, and chorion in the pla
riboprobes for Pl-1 (C, D) and Tpbp (E, F). CH, chorion; EPC, ecto
100 mm.
IG. 7. Model for the effects of RA on trophoblast cells. A growing
f FGF4, while RA can overcome the proliferative effects of FGF4 r
n self-renewal of stem cells may be apparent only in vitro with
pongiotrophoblast fates, RA acts on the presumptive precursor
romotes the differentiation into giant cells.the influence of RA on TS cell-fate decision is exerted in the d
Copyright © 2001 by Academic Press. All righttage of precursors, which are likely positive for Mash2
xpression. In support of this idea, the developing EPC, a
eservoir of Mash2-positive precursor cells that ultimately
tions of 8.5-dpc conceptuses, from pregnant females administrated
l analysis and in situ hybridization. Hematoxylin staining showed
a (A, B). Hybridization was performed with DIG-labeled antisense
ental cone; TGC, trophoblast giant cell. The scale bar represents
lation of trophoblast stem cells can be maintained in the presence
ting in the differentiation of stem cells. This negative effect of RA
concentration of RA. At the bifurcation point of giant cell and
to prevent them from adopting the spongiotrophoblast fate andal sec
ogica
cent
plac
popu
esul
high
cellsifferentiate into giant cells and spongiotrophoblast, did
s of reproduction in any form reserved.
430 Yan et al.respond to exogenous RA and displayed an aberrant differ-
entiation biased to giant-cell formation as observed in
RA-treated TS cells. Accordingly, we propose a model,
implicating the presence of a precursor cell state suscep-
tible to extracellular signals, for the role of RA in modula-
tion of the terminal cell fate choice between spongiotropho-
blast and giant cells (Fig. 7).
Although trophoblast lineage has the potential to differ-
entiate into distinct subtypes, they give rise solely to giant
cells in the outermost layer closest to the uterine decidual
tissue during placentation. The positional cue suggests that
the decidual cells may be involved in the establishment of
the conditions required to restrict the developmental po-
tential of trophoblast cells. It is important to note that RA
has the ability to promote differentiation of trophoblast
into the giant-cell fate, while decidual cells reportedly
synthesize RA (Zheng et al., 2000), which may act on
neighboring trophoblast cells in a paracrine manner. Here,
we propose that RA signaling from decidual cells inhibits
trophoblast cells from adopting a spongiotrophoblast fate
and, in addition, commits them to a giant-cell fate during
their development. Under the influence of RA, the mural
trophectoderm cells would differentiate to adopt a giant-
cell fate after implantation. Secondary giant cells are sub-
sequently produced by precursors in the EPC region, which
has been shown to express RARs and RXRs (Sapin et al.,
1997). RA signaling may also mediate the cell-fate determi-
nation of peripheral EPC cells, resulting in the generation of
giant cells in the region facing the uterine decidua from
equipotential precursors that also give rise to spongiotro-
phoblast. We speculate that differentiation into spongiotro-
phoblast would be permitted in the core of EPC, where cells
are exposed to a lower concentration of endogenous RA. It
should be noted that no placental phenotype has been
reported for RAR knockouts, but mildness of placental
defects could result in RAR mutants, if RA is just one of the
factors involved in modulating giant-cell formation, or if
there is residual RA signaling pathway in those mutants
due to functional redundancy among RARs.
It has been shown that one major placenta component for
the expression of the Stra (for “Stimulated by RA”) genes is
giant cells. The bHLH factor, Stra13, plays a key role in
signaling pathways that lead to growth arrest and terminal
differentiation in various cell lineages (Boudjelal et al.,
1997). It is of interest that Stra13 expression is restricted to
giant cells in trophoblasts (Boudjelal et al., 1997; Scott et
al., 2000). In addition, Stra 8 and Stra12 are specifically
expressed in mural giant cells (Sapin et al., 2000). Phago-
cytic activity has been considered as a property character-
istic of trophoblast giant cells (Albieri and Bevilacqua.,
1996; Rassoulzadegan et al., 2000), and retinol is a phago-
cytic stimulator of cultured trophoblast cells (Albieri and
Bevilacqua., 1996). Although these observations did not
demonstrate the stage in which the development of giant
cells is influenced by RA signaling, they do support the
Copyright © 2001 by Academic Press. All rightassumption that giant cells or their precursors are respond-
ing to endogenous RA signals.
In summary, we found that exogenous RA can act to
specify trophoblast cell fate by directing their differentia-
tion into giant cells. These data suggest an explanation as to
how multipotential trophoblast cells, developing to form
the giant cell layer along the decidual tissue, can neverthe-
less acquire different fates. These findings provide a genu-
ine insight into the potential role for RA signaling in the
generation of trophoblast giant cells during placentogen-
esis.
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